Introduction
Transient dynamic stability is of increasing importance for the safe operation of power systems in a modern integrated power network. The flexible AC transmission system (FACTS) is a newly developed technology that can greatly improve the transient stability margin via appropriate control strategy [1] [2] [3] . In practical applications, several static synchronous compensators (STATCOMs) have been installed worldwide. Compared with the traditional reactive power compensation devices, the STATCOM has better dynamic response, large compensation range, less dependence on the system voltage, and low harmonic content. the increasing requirement for power transfer capabilities would gradually be satisfied by installing new DSSC modules in the most effective line(s).
In large interconnected networks, the placement of more than one FACTS device in some regions or electrical areas will be the natural consequence of the growing use of this technology. Furthermore, with improvement of D-FACTS devices, the deployment of D-FACTS and FACTS devices concurrently will be more beneficial in the power system's transient stability. The unique feature of these new-generation FACTS devices is their multiple control function. For instance, the DSSC has the primary duty of power flow control, but it can handle secondary duties such as subsynchronous oscillation damping and low frequency oscillation damping [8] [9] [10] .
Aside from these merits cited above, the implementation of more than one FACTS device or multifunction FACTS controller may lead to adverse interactions. These interactions can occur in the following combinations [11] :
• Multiple FACTS controllers of a similar kind.
• Multiple FACTS controllers of diverse kinds.
• Multiple FACTS controllers and high-voltage DC controllers.
These different control interactions have been classified into 5 frequency ranges [11] :
• 0 Hz for steady-state interactions,
• 0-3 or 5 Hz for electromechanical oscillations,
• 2-15 Hz for small-signal or control oscillations,
• 10-50/60 Hz for subsynchronous resonance interactions,
• >15 Hz for electromagnetic transients, high-frequency resonance or harmonic resonance interactions, and network-resonance interactions.
There are many papers that have attempted to analyze the adverse interactions between FACTS controllers. For instance, Wang and Zhang et al. [12, 13] demonstrated the interaction assessment of FACTS control using the relative gain array (RGA) method. Moreover, analysis of the interaction between the multiple control functions of the unified power flow controller was investigated in [14] .
To the best of the authors' knowledge, this paper is the first attempt to study the interactions between a multiobjective static compensator (STATCOM) controller and a multiobjective DSSC controller. Furthermore, the high-frequency interactions as a result of exceeding the controller's gain are clarified in this paper, which was not addressed in other manuscripts. The modified RGA (MRGA) that was introduced in [14] is implemented to measure the interactions between the multiple control loops of the STATCOM and DSSC in order to design effective controllers. There are many other works that demonstrate the interaction of FACTS devices in power systems [15] [16] [17] [18] .
The main structure of this manuscript is as follows: Section 2 describes a brief introduction of the DSSC and its corresponding multiobjective controllers. The basic concept of the STATCOM with its normal and auxiliary controller is described in Section 3. In Section 4, the MRGA in a multiple-input, multiple-output (MIMO) system is introduced in order to measure the interaction among the different controllers of a power system. The simulation results are presented in Section 5. Finally, the conclusions are given in Section 6.
DSSC concept
The DSSC concept has been expressed based on FACTS devices, which is in fact a model of a static synchronous series compensator but in a smaller size, at a lower price, and with higher capability. For more safety and improvement in the controllability of power systems, it lies in the transfer lines in a distributed manner. Figure 1 shows a conceptual schematic of the DSSC that is deployed in a power line so as to alter the power flow by changing the line impedance [7] . Each module is rated at about 10 KVA and is clamped on the line, floating electrically and mechanically on the line. Each module can be controlled so as to increase or decrease the impedance of the line, or to leave it unaltered. With a large number of modules operating together, it is possible to have a significant impact on the overall power flow in the line [7] . The low VA ratings of the modules are in line with those of mass manufactured power electronics systems in the industrial drives and uninterruptible power source markets, and this suggests that it would be possible to realize an extremely low cost. Finally, the use of a large number of modules results in high system reliability, as the system's operation is not compromised by the failure of a small number of modules [7] .
A DSSC module, as shown in Figure 2 , consists of a small rated (10 KVA) single-phase inverter and a single turn transformer (SST), along with the associated controls, power supply circuits, and built-in communications capability [19] . The system commands for gradual changes are received from a central control center using a wireless or power line communication technique [20] . The SST is a key component of the DSSC. It uses the transmission line conductor as a secondary winding and is designed with a high turn ratio, which reduces the current handled by the inverter and allows the use of commercial insulated-gate bipolar transistors (IGBTs) to realize a low cost [7] .The transformer core consists of 2 parts that can be physically clamped around a transmission line to form a complete magnetic circuit [21] .
The module can either be suspended from the conductor or configured as a replacement for the conductor's support clamp on an insulator. Furthermore, since it does not require supporting phase-ground insulation, the module can easily be applied at any transmission voltage level. The mechanical form of the module may either clip onto the conductor or may be incorporated into the insulator suspension clamp, avoiding any concern about weight and conductor vibration damage [7] .
DSSC normal control
The main task of the DSSC is to control the power flow in a transmission line. This objective can be achieved either by direct control, in which both the angular position and the magnitude of the output voltage are controlled, or by indirect control, in which only the angular position of the output voltage is controlled and the magnitude remains proportional to the DC terminal voltage [7] .
The inverters, which are controlled in a direct mode, encounter more difficulty and require a higher cost to implement in comparison with indirectly controlled inverters. Moreover, in a direct control mode, the inverter function is usually associated with some drawbacks in terms of increased losses, greater circuit complexity, and increased harmonic content in the output; hence, the control structure used for the DSSC in this model is based on indirect control. Figure 3 shows an indirect control schematic of a DSSC module. Here, the controller is used to retain the charge on the DC bus capacitor and to inject a synchronous voltage that is orthogonal to the line current. In order to control the DC capacitor voltage, a small displacement 'e', beyond the required 90
• , between the injected voltage and the line current, is required as a control signal.
The phase-locked loop is used to provide the basic synchronization signal, 'θ ', which is the phase angle of the line current. The error signal that is obtained by comparing V dc with V dc ref is passed through a proportionalintegral (PI) controller and the result will be the required phase angle displacement 'e'. Detailed information for the DSSC power circuit is presented in Appendix A.
DSSC enhanced with a damping controller.
Introducing the DSSC controller at a proper location by itself does not provide the essential damping, as the primary task of the DSSC is to control the power flow in the system. In order to provide an effective damping of the low-frequency oscillations (LFOs), it is necessary to apply the coordinating tuning of the DSSC with an auxiliary LFO damping controller. Figure 4 displays the auxiliary LFO damping controller structure. It is composed of a gain block, a washout filter, and a lead-lag compensator. For the LFO auxiliary controller, ∆ω denotes the rotor speed deviation, which is adopted as the feedback input signal, whereas other measurable signals, such as the bus frequency and the bus voltage magnitude, have been selected in other works [3, 11] . The output of the LFO damping controller is utilized to modulate the V DCref to yield the proper damping of oscillations. The damping controller is designed so as to provide an extra electrical torque in phase with the speed deviation in order to enhance the damping of oscillations. The gain setting of the damping controller is adopted so as to achieve the desired damping ratio of the electromechanical oscillations.
Description of the STATCOM structure.
The STATCOM is a well-known shunt-connected FACTS device based on a voltage source converter (VSC). As illustrated in Figure 5a , the typical STATCOM is realized with a 3-phase VSC, a DC link capacitor, and an interfacing transformer. Moreover, a filtering stage (not shown) is considered at the output of the VSC to alleviate the harmonic pollution in the injected voltage [11] .
The STATCOM is capable of generating or absorbing the reactive power. By varying the amplitude of the produced output voltages, the reactive power exchange between the converter and the AC system can be controlled; hence, it gives the opportunity to control some specific parameters (e.g., voltage) of an electric power system. To address this in more detail, the STATCOM's main task is to control the voltage dynamically. However, it is commonly expected to yield some ancillary duties, such as power oscillation damping, transient stability enhancement, or voltage flicker control. 
STATCOM control

Normal operation
In normal operation, the STATCOM has 2 controllers: an AC bus controller and a DC link controller. The AC bus controller aims to control the AC bus voltage that the STATCOM is installed on. It usually consists of a PI controller that compares the measured bus voltage with the reference value in order to create an error. The error signal is then amplified in a PI controller in order to create the control signal. Figure 6 depicts the AC bus voltage controller that is granted to the STATCOM.
The DC link voltage controller has the duty of keeping the DC link voltage fixed. It usually consists of a PI controller. The measured DC link voltage is compared with its reference value to create an error. The error is then sent to a PI controller in order to create a control signal. This control schematic is demonstrated in Figure 7 .
STATCOM with a damping controller
Just as with the DSSC, the STATCOM controller at a proper location by itself does not provide the essential damping, as the primary task of the STATCOM is to control the bus voltage. In order to provide an effective damping of the LFOs, it is necessary to apply the coordinating tuning of the STATCOM with an auxiliary LFO damping controller. Figure 4 displays the auxiliary LFO damping controller structure for the STATCOM, which is formerly used for DSSC. The output of the LFO damping controller is utilized to modulate the δ ref (output of the DC controller) to yield the proper damping of oscillations. The parameters of the damping controllers for the DSSC and STATCOM are yielded through the trial and error method in order to result in the convenient damping characteristics of both the DSSC and STATCOM damping controllers. It should be mentioned that the first guess of the parameters was available for obtaining the parameters from previously published papers in the other literature [10] , and with some modifications, the final parameters for this investigation were obtained. The detailed data for the LFO damping controllers for both the DSSC and the STATCOM are presented in Appendix B. 
MRGA method
The RGA that was introduced in [14] is a numerical index in order to measure the interactions between multiple control loops in MIMO systems. Figure 8 shows the basic structure of the MIMO system. The RGA allows for matching up the input-output variables that have the biggest effect on each other without having an undesirable impact on the others [14] .
The relative gain λ ij for an input u j and output y i is defined by the ratio of the uncontrolled gain and the controlled gain, as expressed in Eq. (1) [14] :
The uncontrolled gain is the gain between the input u j and the output y i in a condition in which all of the outputs have no control loop. The controlled gain is the gain between input u j and output y i when perfect controls are performed on the rest of the outputs, as demonstrated in Figure 9 . If λ ij = 1, it means that the uncontrolled gain and controlled gain are identical. In other words, the interaction does not affect the pairing of the input u j and the output y i . As λ ij is closer to unity, there are fewer interactions in the control pair: y i −u j . The worst case occurs when λ ij is much greater than or much less than unity. It means that the system is faced with serious interactions.
The RGA (n × n) for all of the relative gains, λ ij , which are formed from multiple control loops, can be driven by the following equation [14] :
where G(s) is the transfer function matrix of the control system, ⊗ denotes the element-by-element multiplication of the matrices, and the superscript T stands for the transpose operation of the matrix. Figure 10 demonstrates the block diagram of the power system aggregated with a multifunction FACTS controller. The FACTS device has a normal control function considering the kind of FACTS device that will operate in order to control the power flow, voltage, etc. The FACTS controller can also be enhanced with another controller (for example, damping control) that will be superimposed onto the normal control function. Figure 11 is a summarized version of Figure 10 with some simple assumptions [14] . According to the RGA analysis, which is driven by Eq. (1), the interaction by the FACTS normal control on its damping control is:
where λ 12 = 1 is the best condition, which means that the FACTS' normal control has no effect on its damping controller. Similarly, the interaction caused by the FACTS' damping controller on its normal controller can be expressed by:
Now, from Figure 11 , in order to simplify Eqs. (3) and (4), it is observed that:
By substituting Eq. (10) into Eq. (8):
Finally, from Eqs. (3), (6), and (12):
and from Eqs. (4), (5), and (11):
The above definitions describe the MRGA that is given by Eqs. (13) and (14) . For any power system, these equations can be comprehended in order to gain the interaction between the different controllers of the power system. This value should be taken into account when designing multifunction controllers.
Implementation of the MRGA for the STATCOM case
In order to evaluate the RGA for the interaction analysis, the power system combined with a STATCOM is assumed. The investigated system is a single machine system that is connected to an infinite bus through 2 parallel transmission lines. The STATCOM is enhanced with a LFO damping controller. Figure 12 exhibits the control block diagram for the RGA analysis. The STATCOM damping controller is superimposed on the DC controller, which is the best case of damping. To achieve an effective design of the damping controller parameters, the interactions posed by alternating the gains of the DC and AC controllers can be examined by calculating the MRGA as proposed in Eqs. (13) and (14) . The results of the RGA calculation are demonstrated in Table 1 . The interactions between the different controllers shown in Figure 12 are measured by changing the gain values of each controller in order to achieve the best gain value, as depicted in Table 1 . It should be noted that, to damp the power-system electromechanical oscillations, a damping controller is superimposed on the DC controller of the STATCOM in order to yield the best damping performance. From Table 1 , the interactions between the STATCOM DC voltage controller, AC voltage controller, and damping controller are not significant when the gain value of each controller is set to unity. In contrast, by increasing the gain settings of each controller, the interaction will be deteriorated. For example, if the gain of the DC controller of the STATCOM is set to 1, the interaction caused by the DC voltage controller of the STATCOM on its damping controller is 1.877, which is very close to unity and verifies that there is less interaction between the DC voltage controller and the damping controller of the STATCOM. Furthermore, this interaction is 21.076 if the gain of the DC controller in the STATCOM is set to 6, which is fairly large.
Implementation of the MRGA for the STATCOM and DSSC case
Now, consider a condition in which both the DSSC and the STATCOM are operating in a power system. In this condition, the main duty of the DSSC is to control the power flow in the transmission line, and it can also suppress the interarea oscillation with a supplementary damping controller. In contrast, the STATCOM is operating to regulate the AC bus voltage, and it can also damp the local mode oscillations with an auxiliary damping controller. Hence, if the settings of these devices are not tuned properly, the interactions will be unavoidable. In this part, in order to evaluate the RGA for the interaction analysis, a 4-machine power system combined with the DSSC and STATCOM is assumed [22] . Both the DSSC and the STATCOM are enhanced with LFO damping controllers. Figure 13 exhibits the control block diagram of this case for the RGA analysis. The DSSC and STATCOM damping controllers are superimposed on the DC controller of each device, which is the best case of damping. To achieve an effective design of the damping controller parameters, the interactions posed by alternating the gains of the DC and AC controllers can be examined by calculating the MRGA, as proposed in Eqs. (13) and (14) . The results of the RGA calculation are demonstrated in Table 2 . Similar to the previous part, Table 2 reveals that with an increase in the gain of each controller in the STATCOM and DSSC, the interaction between each controller of each device on the controller of another device will be deteriorated. For example, if the gain controller of the DC controller in the DSSC is set to 1, there is no interaction between the DSSC DC voltage controller and the STATCOM AC voltage controller, because the interaction is close to unity. In contrast, if the gain of the DC controller in the DSSC is set to 6, the interaction caused by the DC voltage controller of the DSSC on the AC voltage controller of the STATCOM is significant, because the interaction is much greater than unity. 
Simulation results
In this section, 2 cases of study are included in order to precisely investigate the interaction analysis. In the first case, the STATCOM is installed on a single machine power system and the interaction between its controllers is proposed. The second case is dedicated to the interaction analysis between the STATCOM and DSSC controllers in a 4-machine power system. As was earlier described in Section 1, interactions occur between the multiple controllers of the FACTS devices, or between the controllers of the FACTS and D-FACTS devices. These interactions are mainly related to steady-state conditions, and the dynamics of each controller has no effect on these interactions. Figure 14 demonstrates a power system aggregated with a STATCOM on the middle of the transmission line, L2. The STATCOM parameters are given in Appendix C. It is observed that the power system consists of 2 parallel transmission lines in order to transmit the power generated by a generator into an infinite bus. 
STATCOM case
Adverse interaction of the DC controller on the AC controller of the STATCOM
In this section, in order to precisely evaluate the interaction of the DC voltage controller on the AC voltage controller, the gain of the DC controller of the STATCOM is varied from 1 to 10, and the results are shown in Figure 15 . It is observed from Figure 15 that, before the STATCOM operation (t = 2 s), the STATCOM's corresponding bus voltage was 0.9825 pu, but after a while, the STATCOM began to fix the bus voltage up to 1 pu. Moreover, there is a transient state before the voltage fixing. This transient state is greatly dependent on the parameters of the STATCOM controller. By gradually increasing the K dc of the STATCOM DC controller, more interaction is experienced between the DC controller and the AC controller. In a technical expression, by increasing K dc from 1 to 10, the dynamic response of the AC controller deteriorates, as was earlier concluded by the RGA analysis in Table 1 . 
Adverse interaction of the STATCOM DC voltage controller on the LFO damping controller
In this section, the impact of the DC controller on the LFO damping controller is investigated. It should be noted that for LFO to happen, a 3-phase-to-ground fault will occur at 20 s and it will be removed after 100 ms. The 3 cases are assumed to be the same as in the last section: the gain of the DC controller of the STATCOM is varied from 1 to 10, and the interaction caused by the DC controller of the STATCOM on the damping controller is revealed in Figure 16 . It is observed that the interactions are prone to deteriorate as the K dc of the DC voltage controller increases. By selecting K dc = 10 , the oscillations are increased and more time is needed for the system to recover to normal conditions. 
Unfavorable interaction of the AC voltage controller on the LFO damping controller
In this section, the gain of the AC voltage controller plays an important role in the interactions between the AC voltage controller and the LFO damping controller. As K ac is exceeded, large oscillations will be experienced. Figure 17 depicts this condition. As was earlier cited in Section 2, the control interaction between the individual FACTS controllers and the network or between the different FACTS controllers may lead to the onset of oscillations in the range of 2-15 Hz. These oscillations are largely dependent on the system's strength and the choice of FACTS controllers, and they are significantly dependent on the controller gains. Figure 17 reveals that with K ac = 4, the power system will face large oscillations. Now assume that K ac = 6 to evaluate the small signal interaction, as depicted in Figure 18 . It is observed that amplifying K ac up to 6 leads to small signal interactions with a high frequency of 20 Hz. These interactions occur abruptly when the STATCOM operates. 
DSSC case
In this part, in order to investigate the interaction between the DSSC and the STATCOM, a 4-machine power system is considered. In the following, a STATCOM as a member of the FACTS family and a DSSC as a member of the D-FACTS family are added to the system. Figure 19 shows this 4-machine power system [22] aggregated with the DSSC and STATCOM. As it is revealed, the system has 11 buses, which are separated into 2 areas. These 2 areas are linked together with 2 parallel transmission lines. The STATCOM is connected in the middle of the 2 areas in bus 8, and the DSSCs are distributed equally in the 2 parallel transmission lines. For the LFO analysis, a 3-phase-to-ground fault occurs at 55 s and is removed after 100 ms. In this power system, the main duty of the STATCOM is to control the AC bus voltage (bus 8) and to damp the local mode oscillations with an auxiliary supplementary damping controller. In addition, the main duty of the DSSCs is to control the power flow in the 2 parallel transmission lines and to control the interarea mode oscillations with an auxiliary supplementary damping controller. In this section, the ability of both the DSSC and STATCOM to mitigate local and interarea mode oscillations is examined when they are operating concurrently in a power system. Hence, both the DSSC and STATCOM have separate supplementary controllers, the input signal for the DSSC damping controller is (ω 1 -ω 3 ) , which is referred to as the interarea mode oscillation, and the input signal for the STATCOM damping controller is (ω 1 -ω 2 ), which is referred to as the local mode oscillation. The impact of operation of both the DSSC and STATCOM concurrently, are revealed in the simulation results below. Figure 20 illustrates the local mode oscillations (ω 1 -ω 2 ) in the 3 cases of the study. In the first case, there is no DSSC or STATCOM in the power system; the second case is dedicated to enhancing the STATCOM with a supplementary controller; and in the third case, both the STATCOM and DSSC are enhanced with supplementary controllers. As depicted in Figure 20 , when there is no supplementary controller, the local mode experiences large oscillations, but when the STATCOM is enhanced with a damping controller, the oscillations decrease after a short interval of time. The superior performance for the local mode damping is achieved when both the DSSC and STATCOM are supplemented with auxiliary controllers. This verifies that operation of both the STATCOM and DSSC in the power system provides many advantages in the dynamic stability of the system. Similar simulations are carried out for interarea mode oscillations in 3 cases in Figure 21 . In the first case, the system is simulated without a DSSC or STATCOM; in the second case, the DSSCs are enhanced with a supplementary controller; and the third case is dedicated to the operation of the DSSCs and STATCOM with supplementary damping controllers. It is revealed that the worst case is when there is no DSSC or STATCOM. In this case, large oscillations will be experienced for the interarea mode. Moreover, when the DSSCs are enhanced with a damping controller, the oscillations will be suppressed after a few seconds. Furthermore, the oscillations are damped greatly when both the DSSC and STATCOM are enhanced with damping controllers. In this part, the adverse interaction between the different controllers of the DSSC and STATCOM is investigated. To achieve this goal, first, the impact of the gain of the STATCOM DC controller on the AC voltage controller of the STATCOM is clarified. The gain value of the DC controller in the STATCOM has changed from 1 to 6, as depicted in Figure 22 . Before the STATCOM's operation, the AC bus voltage was 0.97 pu, but after the operation of the STATCOM, it is fixed at 1 pu, and it has a transient state before fixing its voltage. It is revealed from Figure 22 that, with the increasing of the gain of the DC controller in the STATCOM, the AC controller of the STATCOM gradually becomes unstable, and it experiences more oscillations before fixing the AC bus voltage. Figure 23a shows the impact of the gain of the STATCOM DC controller on the DSSC damping controller in the interarea damping mode, and Figure 23b shows the impact of the gain of the STATCOM DC controller on the DSSC damping controller in the local oscillation damping mode. It is revealed that, for both the interarea and local mode oscillations, when the gain of the STATCOM DC controller is varied from 1 to 6, the operation of the DSSC damping controller is deteriorated, and there is more time needed for damping the oscillations. 
Conclusion
In this paper, the adverse interaction between the STATCOM as a member of the FACTS family and the DSSC as a member of the D-FACTS device is investigated. The MRGA is used to analyze the interaction between the multiple controllers of the STATCOM and DSSC. The analysis is separated into 2 different parts. First of all, the interaction among the different controllers of the STATCOM, including the AC controller, DC controller, and auxiliary damping controller, is investigated. From the MRGA analysis and simulation results, it is revealed that with the increasing of the gains of the different controllers, the interactions will be deteriorated. In the second part, both the DSSC and the STATCOM are linked to the power system and they are enhanced with 2 auxiliary damping controllers. The DSSCs are used to damp the interarea mode and the STATCOM is utilized to mitigate the local mode oscillations. The results reveal that the operation of both the DSSC and the STATCOM concurrently will improve the damping of the local and area mode in the system. Furthermore, it should be noted that increasing the gains of the STATCOM AC or damping controllers will deteriorate the operation of the DSSC controllers. The same results will be obtained if the gain settings of the DSSC controllers increase, where the operation of the STATCOM controllers will deteriorate.
